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. 2" part of this lecture covers:
U Transverse prdfildechniques :
(' Emittancedetermination at tfansfer lines s

bV Diagnostics for bunch shape determination
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Measurenent of Beam Profile

The beam width can be changed by focusing via quadruples.

Transverse matching between ascending accelerators is done by focusing.

M tNRPFAESE KIFI@S (2 0S O2yUNRffSR |
Synchrotronsiattice functionsh (s)and D(s)are fixedY width s and emittanceeare:

9 2
sf(s):exbx(s)+gg)(s)[l)op§ and s2(s)=e,b,(s) (novertical bend)

Transferlines] I G 0 A OS Fdzy OlA2ya I NB WwWavyz2z2daKfeQ
Typical beansizes:
eb-beam:typically @0.01to 3 mm, protons:typically @1 to 30mm

A great variety of devices are used:

U Optical techniguesScintillating screens (all beams),

A8YOKNRUNRPY fAIKUO Y2YAUZ2NBZIOKRARHEK 8BV
lonization profilemonitors (protong

U Electronics techniquesSecondary electron emissi@EMgrids, wire scanners (gl
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Scintillation Screen

Scintillation: t I NI énedy $o§samatter causes emission of light
- the most direct way of profile observation as used from the early days on!

scintillation screen

beam

>

support

movement

CCD camera

Pneumatic b
drive ‘

Pneumatic feedhrough
with @70 mmscreen
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Example:GSI LINAC, 4 MeV/u, low curreifG:Cascreen

Example of Screen based Beam Profile Measurement

Advantage of screens:

[_[D]
U Direct 2dim measurement s T
t High spatial resolution o oes @B HOT.profecion s @ Ver. projection

5 N =

U Cheaprealization
Y widely used at transfer lines

o
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Disadvantageof screens:

U Intercepting device " poston rm]
U Some material might brittle “wwen b/ CCD:
i Low dynamic range artificial
U Might be destroyed pusm— falsecolol
by the beam

Observation with
a CCD, CMOS or video came

Scintillation Screen (beam stopped

_E. LINAC _E_ LINAC
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Example: Color CCD camera: Images at different particle intensities determined for U at 300 N

. P43

Alumina: AlL,O, Csl:TI Chromox: Al,O5:Cr
YAG:Ce Quartz Quartz:Ce Zr0,:Mg

Light output from various Scintillating Screens

U+SNE RAFFSNBYG fAIKG @ASEtR APSd LK2G2ya LIS
u Different wavelength of emitted light
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Material Properties for Scintillating Screens

Some materials and their basic properties: Standard drive with P43 screen
Name Type Material | Activ. | Max.< | Decay

Chromox | Cera ALO;, Cr| 700 nm| © 10 ms

Alumina | Mics ALO, Non| 380 nm| © 10 ns

YAG:Ce | Crystal | Y;AEO;, Ce| 550 nm| 200 ns

P43 Powder | Gd,0,S Th| 545 nm 1ms

P46 Y,ALO,, Ce| 530 nm| 300 ns

P47 Y3SEO, 5 Ce&Tb{ 400 nm| 100 ns

Properties of a good scintillator:

U Large light output at optical wavelength
- standard CCD camera can be used Pneumatic §

i Large dynamic range usable for differenturrents LAY '

U Short decay time observation of variations

U Radiation hardness long lifetime

U Good mechanical properties typ. size up to @ 10 cm

(PhosphoPxxgrains of @ 10> Yon glass or metal).
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Measurement of Beam Profile

Outline:

U Scintillation screens:

emission of light, universal usage, limited dynamic range
SEMGrid: emission of electrons, workhorse, limitegesolution
Wire scanner

lonization Profile Monitor

Optical Transition Radiation

Synchrotron Light Monitors

Summary
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Secondary Electron Emission by lon Impact =
0

Energy loss of ions in metals close to a surface:

Closedcollision with large energy transfer: fast e with E;,>>100 eV
Distant collision with low energy transfer slow ewith ;, ¢ 10 eV

- WRA F Tdza A 2 yiMdh other &: Schatiéringléhlthl P 1-10 nm

- at surface® 90 % probability for escape

Secondarglectron yieldand energy distribution comparable for all metals!

Y Y =const. dHdx (Sternglassormula)

Different targets:

x Mg 12 Aorset

® Al |3 Aorset

AaAL I3 Hill
Curve | 0Fe 26 Aarset
6 Ni 28 Aorset
oCu 29 Hill
oMo 42 Hill
A Ay 79 Aarset
vYPb B2 Aarset
vPb 82 Hill

e" N %
beam | 1 -ray
>

e«

Electrons per ion

O‘....
9

L.° 10 nm i
L
5

1 | | P

. L1t
] .2 3 4 5 6.7.8.910 2.0 3.0

From E.JSternglassPhys. Rev. 108, 1 (1957) £~ Profon Energy in Mev
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Beam surface interactioneeSYA &8 &4 A2y [hH YSIF AadzNBYSy G 2

Example: 15 wire spaced by 1.5 mm: SEMGrid feedthrough on CF200:

wire
4 feedthru

Secondary Electron Emission Grids = SEM-Grid

# wires per plane  10...100

Active area (5...20 cm) ?
Wire A 25....100 mm
Spacing 0.3...2 mm
Material e.g. W or Carbon

Max. beam power 1 W/mm

Peter Forck, CAS 2019, Vysoké Tatry & Beam Instrumentation & Diagnostics, Part 2



0
Beam surface interactioneeSYA &8 &4 A2y [hH YSIF AadzNBYSy G 2

Secondary Electron Emission Grids = SEM-Grid

Example: 15 wire spaced by 1.5 mm: SEM-grid pon | cange seloct
B | . R_|VU converter
i * R integrator
L\ ! one per wire
ok N~ H B
o | | S [ ]
2 ‘ . — — 5 range
g \\ - _E.i
| =3 5
- B —, = |
A i . R E ADC
N | ‘ /U converter| . R integrator %ﬂ
" one per wire | \ 1 If g address
™~ |_||\

digital
l: —  electronics
Each wire is equipped with one I/U converter —
different ranges settings by,

- very large dynamic range up to®0
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Even for low energies, several SEEd can be used due to tlfe80 % transmission
Y FNBIljdzSy Gt e dzaSR AYyaidaNdHzySyd oSFY 2L
Example: & beam of 11.4 MeV/u at differetocations atGSILINAC

| T3 [DPER. EXE . P PROFIL BV T2 |5

Example of Profile Measurement with SEM-Grids
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The Artist view of a SEM-Grid = Harp
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Measurement of Beam Profile

Outline:
Scintillation screens:
emission of light, universal usage, limited dynamic range
I SEMGrid: emission of electrons, workhorse, limited resolution
I Wire scanneremission of electrons, workhorse, scanning method

1 OpticalTransition Radiation

U
U

U lonization Profile Monitor

U

U Synchrotron Light Monitors
U

1 Summary
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Slow, linear Wire Scanner

Idea: One wire is scanned through the beam!
Wire diameter 100 pm €, < 10 pm

Slow linear scanner are used for:
U Lowenergy protons

(i Highresolution measurementfor eb beam

by deconvolution® 2y, I Zead Ruire
Y resolution down to1l > Yrange carbe reached

U Detectionof beamhalo

’
movement
o

beam pipe

bellow

flange

wire for horizontal profile
wire for vertical profile
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The Artist view of a Beam Scraper or Scanner
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In a synchrotroronewire is scanned though thigeam as fast as possible.
Fast pendulum scanner for synchrotrons; sometimes itis cQll@édft @ AQ¥r 3 & A NB

Fast, Flying Wire Scanner

Stepped Vacuum Magnetic Stopper
Barrel Motor
X Axis: Optical position sensor = \ \l/ \ / fiasolver
.’ ‘ - \\v\‘ \ \ o Z

Carbon Wire
particle
detector

pCVD Diamand Signal (Digital F.E.)

*  Data Points
Gauss. Fit:

Sigma 317.2um
S3E 0.06526

Amplitude (a.u.)

Fromhttps://twiki.cern.ch/twiki/

o _ bin/viewauth BWSUpgrade
Injection extractio
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Usage of Flying Wire Scanners =
Vi
OO
Material: carbon orSiCh f 2Zngatedal for low energy loss and high temperature.
Thicknessdownto 10> YTh KA 3K NB &2t dziA 2y @
Detection:Highenergysecondary particlesvith a detector like @eam lossnonitor

Secondary particles: Proton impact on
Protonbeamh K| RNR Yy & & K2 ¢ S NFPcgmer at CERRS Boeptgy i)

Ve

Electronbeanih . NB Y & & 0 N} K dzy280 (LIK 242 y-& P
b eam 1 o Pion threshold
computer 20000 . =
secondary 3 o
— m |
T T E .th.
—_—tf—— 5 10000 + . Rest mass:
1T S
wie . M. =140 MeV/é
position reading 0T - M., = 135 MeV/a
rotation = p
0 = I I ‘
) ) _ ) 0 200 400 600 800
Kinematics of fIylng wire: Kinetic energy (MeV)

Velocity during passage typically 10 m/s = 36 kamd
typical beam sizd 10mmY time for traversing the beam® 1 ms U. Raichet al., DIPAC 2005
ChallengesWire stability for fast movement with high acceleration
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The Artist View of a Wire Scanner
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Comparison between SEM-Grid and slow Wire Scanners : 0: A
Grid:  Measurementat a single moment in time
Scanner:Fastvariations can not be monitored

- for pulsed LINACSs precise synchronization is needed

Grid: Not adequate at synchrotrons for stored beam parameters

Scanner:At high energy synchrotrons flying wire scanners are nearlydestructive

Grid: Resolutionof a grid is fixed by the wire distance (typically 1 mm)
Scanner:Forslow scanners the resolution is about the wire thickness (down te XD
- dza S R -BegmIhdyibg small sizes (down to=10f

Grid: Needs one electronics channel per wire
M SELISYyairdsS St SOiNRyAOa YR ﬁelal- | C
Scanner:Needs a precise movable feédK N2 dzZ3 K h SELISY aA g YS
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Measurement of Beam Profile

Outline:
Scintillation screens:
emission of light, universal usage, limited dynamic range
U SEMGrid: emission of electrons, workhorse, limited resolution
U Wire scanner: emission of electrons, workhorse, scanning method
U lonization Profile Monitor:
secondary particle detection from interaction beamesidual gas
U Optical Transition Radiation
U Synchrotron Light Monitors
U Summary
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lonization Profile Monitor at GSI Synchrotron & &
Non-destructivedevice for proton synchrotron: Realization atGSkynchrotron
i beam ionizes the residual gas by electronic stopping ~ ©N"€ monitor per plane
(i gas ions or eaccelerated by Hield ° 1 kV/cm (IPM with 175 x 175 mm clearance)

U spatial resolved single particle detection
HV electrode  voltage divider ¢y,

e am—

e =

([HV—clectrode)s

R beam FEEe® We | I
+ 5kV =g - e
beam MCP: 100 x 30 mm?> | PR o
+ 4kV T v e ) ‘
- \“ i e - - \?"L !
Ir ( + 3kV S
" ion + 2kV 3 |
e. |
M J + 1KV .
----------------------------------------- 0 kV 1]
= ey M C | ¥z
i 2 . “ ,i
anode | position readout 4§ :
: _ ,_ 63 wires, 2 mm spacing
Typicalvacuum pressure: S =5

Transfer line: B 10° ¥..10> ‘mbar @ 30°...3Q0%m™> (300 mm fange)

Synchrotron: B 10P MM @ $hbar @ 3A0°.. 30 cm3
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The realization for the heavy ion storage ring ESR atR&dBiation atGSkynchrotron
One monitor per plane
(IPM with 175 x 175 mm clearance)

lonization Profile Monitor Realization

IPM support

& UV lamp .

_ beam
Horizontal IPM:

Vertical IPM MCP: 100 % 30 mmz
Efield box s
electrode

Efield separation disks
View port@150 mm

4
2 3 w1res 2 mm spacing

300 mm ﬂange

Peter Forck, CAS 2019, Vysoké Tatry 22 Beam Instrumentation & Diagnostics, Part 2



Joe

The realization for the heavy ion storage ring ESR atR&fBtation atGSkynchrotron
One monitor per plane

lonization Profile Monitor Realization

IPM support
& UV lamp

Efield sejiie =8 1l
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Adi abaticdo Damping

The emittance
before acceleratio

VA VA

dur i

after acceleration

== I
(S|

Joe

ng Acce

. Q wdis defined via the position deviation and angldahb-frame

>

After acceleration the longitudinal velocity is increasgédangle/ is smaller

The angle is expressed in momevita E.Q p,I" theleimittance is E E Q He =I'xdnQ

@~ I'p,,

Y under ideal conditions the emittance can be normalized to the momeryme gindbc
Y normalized emittance2, ..., = b g & is preservedwith the Lorentz factog andvelocity b=v/c

Example:Acceleration in GSlynchrotron for € from
6.7- 600MeV/u (b=12- 79 %)observedby IPM

measured width: () X AW

IPM iswell suited

for longtime observations
without beam disturbance
- mainly used at proton synchrotrons.

- OTR

Peter Forck, CAS 2019, Vysoké Tatry ———

norm. distribution

synchrotron with
acceleration

Injection  extractio

24

—
| — at injection
—— t=0.14 s

(5
at extractiopr; v\ -
(EHE

.......

0
coordinate [mm]
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Measurement of Beam Profile

Outline:

Scintillation screens:

emission of light. universal usage, limited dynamic range
U SEMGrid: emission of electrons, workhorse, limited resolution
U Wire scanner: emission of electrons, workhorse, scanning method
U lonization ProfileMonitor:

secondary particle detection from interaction beamesidual gas
U Optical Transition Radiation:

crossing material boundary, for relativistic beams only
U Synchrotron Light Monitors
U Summary
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Optical Transition Radiation: Depictive Description

Optical Transition Radiation OTR for a single chagge

Assuming a chargeapproaches an ideal conducting boundary e.g. metal foll

U image charge is created by electric field

0 dipole type field pattern

field distribution depends on velocity and Lorentz factog due to relativistic trans. field increase
penetration of charge through surface withir 10 fs: suddechange of source distribution
emission of radiation with dipole characteristic

et E anti e S

@’ 119

vacuum | perfect vacuum| perfect vacuun] perfect
chargee metal chargee metal metal
velocity b velocity b b

image yahargee
charge-e inside
velocity-b metal

/ image
Efield charge-e

pattern of velocity-<b
dipole type

sudden change charge distribution
rearrangement of sourceld radiation

Other physical interpretation: Impedance mismatch at boundary leads to radiation

Peter Forck, CAS 2019, Vysoké Tatry 26 26 Beam Instrumentation & Diagnostics, Part 2



Jo e

Optical Transition Radiation: Depictive Description

Optical Transition Radiation OTR can be described in classical physics:

approximated formula d2W  2e2p? ..sin2q®o§q
for normal incidence 0

W: radiated energy

: oL 2 2
& in-plane polarization: dgdw pc  (1- b*cos 67) w. frequency of wave
14 — — e
3 — —y=10 E=4.5 MeV
2 {2 | ----y=30 E=14.5 MeV
-~ —— y=100 E=49.5 MeV
2 08 | // v Iqax g
© feg h vacuunj perfect
= 0.6 - N 8
£ <100 / .: metal
5 04 - it i :
Ve A
= s i ~ b
o 0.2 - - 1 ~ _
-+ - III, \'--..
i ; \ ~_ iy
2 00 b LN VR i 1@
—-400 200 0 200 400 )
radiation angle 0 [mrad]| 2 y(margee
o L . inside
Angular distribution of radiation in optical spectrum: al
U lope emission pattern depends on velocity or Lorentz fagtor 27

U peakatangleg?1l/g

U emitted energy i.e. amount of photons scales with” b2
U broad wave length spectrum (i.e. no dependencemn

- suited for high energy electrons

sudden change charge distribution
rearrangement of sourceld radiation
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Technical Realization of Optical Transition Radiation OTR

00

OTR isemitted by chargedparticle passage through a material boundary.

Photondistribution:
within a solid anglelWand
Wavelength interval peqin 10 / opg

U Detection: Optical 400 nm k< 800 nm
using image intensified CCD
U Larger signal for relativistic beagn>>1

U Low divergence fog >> 1Y large signal

Y well suited for € beams
Y p-beam only forg;,> 10GevVU g> 10

Peter Forck, CAS 2019, Vysoké Tatry

WiIldOW/\@

lens + filter sensitive

\ , CCD camera

OTR screen

U Insertion of thin Affoil under 4%
U Observation of low light by CCD.
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OTR-Monitor: Technical Realization and Results
00
Exampleof realization at TERATRON: Results at FNALEVATRON synchrotron
U Insertion of foil :
: with 150 GeV proton
€.0.5 mm Kaptoncoated with 0.tm Al Using fast camera: Tuioy-turn measurement

Advantagethin foil Y low heating & straggling
2-dim image visible

rad-hard s =1.03mm )
camera

Lens

Intensity (Arb Units)
N
0
@]

100 Intensity (Arb Units)

=N W
o 2 Q 9
X . s , : o © 0o ©

oov

Filter

wheel s =0.66 mm,

Window

Beam pipe

X {mm)
Courtesy V.EScarpined Cb ! [ 0 S | €
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Installation of OTR and scintillation screens on_same drive:
1YAG:Ce ] Example: ALBA LINAC 100 MeV

1 prolectlorj
|
!

Optical Transition Radiation compared to Scintillation Screen

ﬁ
|
'l

i Much more light fromYAG:Ce N
for 100 MeV g=200)electrons :
light output Iy, 2 10° l57g

U Broader image fronYAG:Ce
due to finite YAG:Cghickness 04 |

A
0.3 g‘ ry

02 - § 4

ver. sigma, ay [mm]
»
[
»h
-]

1.4 1.6 1.8 2 22 24 2.6
Courtesy of Ulrisoet al . |, DI quad current, iq [A]
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00
OTRSt SOUNRRey!l YAO LINE OS a aphdipns) tHigh radiatioyi Basiylessi
Scint Screen:02 YLJ SE | 42 YA O LPNSRIileS far SomBjovi radiniitz hari e
OTR1hin foil Al or Al on Mylar, down to 0.25 Ythickness

M YAYVAYAT FGAZ2Y 2F a&btefial &.@ plasticSikeRvwyla) o ! f
Scint Screenthickness® 1 mm inorganic, fragile material, natways radiatiorhard
OTRf 26 ydzYoSNJ 2F LIK2G2ya h SELISYyarsdsS AYl
Scint Screenf  NAS ydzYoSNJ 2F LIK2{i2ya I aAyYLik S |/
OTRO2YLJ SE | y3dzZ I NJ LIK2G2y RAAGNAOdzOA2Y Tt
Scint ScreenA a2 U NP LIAO LIK202Y RAAUNANOGdzOAZY Th &

OTRt F NBS + kmBsnRvBhE, FB0EMeV, protorbeam withE;, > 100 GeV
Scint Screenfor allbeams

Comparison between Scintillation Screens and OTR

Remark: OTRnot suited for LINAEEL due taoherentlight emission (not covered here)
but scintillation screens can be used.
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Measurement of Beam Profile

Outline:
Scintillation screens:
emission of light, universal usage, limited dynamic range
U SEMGrid: emission of electrons, workhorse, limited resolution
U Wire scanner: emission of electrons, workhorse, scanning method
U lonization ProfileMonitor:
secondary particle detection from interaction beamesidual gas
U Optical Transition Radiation:
crossing optical boundary, for relativistic beams only
U Synchrotron Light Monitors
photon detection of emitted synchrotron light in optical an¥-ray range
U Summary

Peter Forck, CAS 2019, Vysoké Tatry 32 Beam Instrumentation & Diagnostics, Part 2



Jo e

An electron bent (i.e. accelerated) by a dipole magnet emit synchradiybn
see lecture of LennRivkin

Synchrotron Light Monitor

This light is emitted Rest frame of electron: Laboratory frame:

orbit of electrons

into a cone of

opening 2§in labframe.
Y Well suited for rel. e
For protons:

Only for energie&,;, > 100GeV getector

orbit of electrons ecc%

e,
Cq, Y

dp/dt

= radiation field
;:_:5/ power:P” g4 r?

‘ :i:% opening angle

radiation field

The light is focused to a

intensified CCD. cone of'syrgh. radiation angle oL A

Advantage: e—beam
Signal anyhow available!

\V; intensified

dipole magnet lens filter CCD camera

beding radius p
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Realization of a Synchrotron Light Monitor

OEGN) OGAYy3a 2dzi 2F GKS o6SlIyQa LXIyS o
M C20dza G2 | atAd b ¢l @St SyaadgK FAEGS
M LYF3IS AYyUSyaAaxFTFAaASR / /5 O YSNI
Example ESRF monitor from dipole wibbending radiu22 m blue or near UV)
< 1503 5600 to Sre. o,
: de-magn=3.73 t I t bI |
SRM .- Op ICal (abie :
: ! remote | hor. y |
trigger ii B cmirol - I—- ageﬂmflﬁ —
Video gated CCD 6NDfiters| 1 | 1 e N
1pix=6.25um in revolver f=1185 [
|
|
injection  extractio il
Radiological Protection Wall |
I
st a1 saon
SY-Booster i \ = \Tiljul.ow
Optics Lab
NOT to Scale —

Peter Forck, CAS 2019, Vysoké Tatry

e bea
R=22000

dipole

e

Courtesy K Scheidtet al., DIPAC 2005
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Example:Synchrotron radiation facilitv APS accumulator rina and blue wavelength:

Result from a Synchrotron Light Monitor

00 1000 1500 2000

||||||||||||||||||||||||

6,=0.165 mm

Y (mm)

COUNTS (ARB. UNITS) .- b L y3a 6! b

~~ 800 1

G,=0.797 mm

600

400 +

200

COUNTS (ARB. UNITS

injection  extractio

02

X (mm)
Advantage Direct measurement of-2im distribution,good optics for visible light
Realization:Optics outside of vacuum pipe
DisadvantageResolution limited by the diffraction due to finite apertures in the optics.
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, : : : n === 1L
OAdi abati c Dampingo for an EIeEE’S
ExampleBooster at the light source ALBceleration from 0.1 3 GeV within 130ns

Profile measure by synchrotron light monitor: The peam emittance in influenced by:
A U Adiabatic damping
U Longitudinal momentum contribution

via dispersioVeo i Oi 3-
total width 36> | \/-Ti oi 3~

U Quantum fluctuation due to light emission

0 ms 10 ms 30 ms

CeNwWwHLWM

O=NwWHBW

vert. y [mm]
SN wWwEsEW,m

012345 012345 012345

hor. x [mm] - 08 .
ﬂ ms gﬂ ms 120 ms = — theoretical
@ 0.6 measurement ||
: 5
i @ 04
8
3 S 02
: 5
1 = 0 I | I I 1 L L
0 20 40 60 80 100 120 140
GIEI 173465 time, ms
1.5 .
£ theoretical
E' I measurement
(1]
5
w0
3
CourtesyU. Iriso & M. Pont g D | | | LSNP S
(ALBA) et al. IPAC 2011 0 20 40 80 80 100 120 140

injection extractio time, ms
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The Artist View of a Synchrotron Light Monitor
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Diffraction Limit of Synchrotron Light Monitor

Limitations:
Diffraction limits the resolution
due to Fraunhoferdiffraction

v s @6d?ir)”
© 100 ¢ nior typicd case

electron
trajectory

Improvements
U Shorter wavelength:

Using Xraysand an aperture of @ 1m

HW-ray pin hole camer@ >
achievable resolutios © 10 mMm

U Interference technique:
At optical wavelength

usinga double slit
[binterference fringes
achievable resolutios © 1 nm.

Peter Forck, CAS 2019, Vysoké Tatry
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with wavelength

bending radius p
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diffraction pattern
width 2*g

& P(x)
Ty

X

distance [.

A

X-ray imaging

P] N
[::P- e
¢

interferometer
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signal on CCD

-

pinhole, mirror,
zone plate, CRL

sienal on CCD

g double slit
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X-ray Pin-Hole Camera

. . /3 .
The diffraction limitis’ s @0-6C6/2/f)1 Y shorter wavelength byX-rays.

ExamplePETRA I CourtesyK.Wittenburg, DESY

monochromator

quad=3

kdll}u. a quadﬁ"‘

Ice point

3.12m

i Two interchangeable @ 1’ \

o] o X-ray optics:

¥ Analysis Z Analysis
Amplitude 17327 Amplitude 24149
Position 0.52 mm Position -0.37 mm
Sigma 44.15 um Sigma 3158 ur
Emittance  1.00 nm rad Emittance 28 pmrad

| BkrXpPeCon05 [13.09.13 09:05:17 |Operations Mode [Expert] S
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Double Slit Interference for Radiation Monitors

Theblurring of interference patterndue to
finite size of the sources

Y spatial coherence parametgrdeliversrmsbeam size
ADPS-O2WRSE dziA2y Q 2F 0f dzN

- highest resolution, but complex method

Typical resolution for three methods:

U Direct optical observations ¢ 100 um
U Direct xray observation: s ¢ 10um
U Interference opticabbser s ¢ 1 pum

SR source spectral filter

of finite width | Ao £ AL

—

—
—

—

—
el
—-— ~—
—
-

polarizer

I
I

_—
—
—
—
—
—
—
—
_—
_—

-
-
— —
—
— - -

I\
g Wy .

'AY |

\
ny i

Fy

Jo e

Ideal double slit interference pattern:

\

WaIITnf orten

Punkt auf Wellenfron "\*

]

punktférmige
Llchtquelle/ Wellenfront verscho-

/ bener Punkt

Blurring by finite sourc

ausgedehnte
Lichtquellg,.,.--"' e SO

/ AYO

/

-
-
o

Cburtesyof V. SchlottPSI

Peter Forck, CAS 2019, Vysoké Tatry 40

v

seitlich entlang der/\

Doppel
spalt

-
_______

A X

A X

Beam Instrumentation & Diagnostics, Part 2



Jo e

Summary for Beam Profile Measurement

Different techniques are suited for different beam parameters:
eb-beam:typically @0.01to 3 mm,protons: typically @1 to 30 mm
Intercepting? non-intercepting methods

Direct observation of electrodynamics processes:

U Optical synchrotron radiation monitor: nesestructive, for &-beams, complex, limited res.
U Xray synchrotron radiation monitor: nedestructive, for B-beams, very complex

0 OTR screen: nearlyngdS a i NHzOG A 9SS s £ | NE-BeahsSriaihlyi A FA &
Detection of secondary photons, electrons or ions:

U Scintillation screen: destructive, large sigrsaple setupall beams

U lonization profile monitor: nordestructive, expensive, limited resolution, for protons
Wire based electronic methods:

U SEMQgrid: partly destructive, large signal and dynamic range, limited resolution

U Wire scanner: partly destructive, large signal and dynamics, high resolution, slow scar
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Measurement of transverse Emittance vy
00
The emittance characterizes the whole beam quality, assuming linear

behavior as described by second order dlfferentlal equation.
It is defined within the phase space &&= r/f'XdX

The measurement is based on determlnatlon of:

Eitherprofile width "~ , and angular width , at one location
Or profile width * , at different locations and linear transformations.

Different devices are used at transfer lines:

U Lower energieg;, < 100 MeV/u: sligrid device, peppepot
(suited in case of nofinear forces).

! €t o0SFYayYy vdzZr RNHzLI2ES GFNAFGAZ2Y S QUKN
(not well suited in the presence of ndmear forces)

Synchrotroniattice functions results in stability criterion

8 2
Y beam width delivers emittance:g, = ie . é)(s) Dpaj and e, >
¢

= y
by ( ) y(S)
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Trajectory and Characterization of many Particles
00
| 3A _‘ Es)=Veps) U Si_ngle particle trajectories ¢
¥ [mm], N forming a beam
1 TS~ L
0 o _U They have a distribution of
; ~ start positions and angles

single particles Y Characteristic quantity is

envelope of all particles trajectory
\ P P the beam envelope

U Goal:
Transformation of envelope

s U behaviorof wholeensembile
- see lecture of WolfganHillert

Focus. || drift Focus. || drift

quad. quad.

CourtesyK.Wille
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Definition of Coordinates and basic Equations

The basic vectors 6 dimensional:

:O: O: OO

BB & B

x(s) = & ¢
&/'0

o g

&9

W0
O: C:

== 1l
o0
hor| spatlaldewatlono aE[mm] 9,

a@orlzontaldlvergence) a@mrad]o

glert spatialdeviation"j gmm] 0

ge verticaldivergence 6 apmrad]o

iongltudlraldewatlonO imm]
&momenturdeviation?  &[%o] 9

The transformationof a single particle froma locations,to s, is given by the

Transfer MatrixR:

X(s) =R(S)X(sy)

The transformationof a the envelope from a locatios,to s, is given by the

Beam Matrixs :

((s,) = R(s)di(s,) OR' (s)

6-dim BeamMatrix with decoupledhor., vert. andlong. plane:
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Beamwidth for

a ia | the three Horizontal
,(j""(] i \ horizontal coordinates: beam matrix:
Lo T ! vertical a °
LCI"J a longitudinal *»ov VU ( )
5T g horé-lonlg. coupling « .y ya_ C
———— - alues
\ LG | d o noy VO d ( 0a9>
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The Emittance for Gaussian and non-Gaussian Beams

The beam distribution can be neggaussian, e.g. at:

U beams behind ion source

U space charged dominated beams at LINAC & synchrotron
U cooled beams in storage rings

General description of emittance o _\/ 2\ x? o 2
using terms of Zlim distribution: rms ‘< >< 2 ‘< > |
It describes the value for gtandardderivation ! !

Variances Covariance
I.e. correlation

ForGaussiarbeams only®¥ . T interpreted as area containingfractionf of ions:

of)=-2p (L 1) Ee

S eof ] 100 15 %
Care: =l ‘ p Gty 39 %
No commondefinition %ZZ 2p Cee 63 %
of emittance concerning ~§ N A 4p & e 86 %
the fractionf T e value <n emf] ’ 8p &« 98 %
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The Slit-Grid Measurement Device

SlitGrid: Direct determination of position and angle distribution.

Used forprotons withE,,, < 100 MeV/uY rangeR< 1 cm.
Hardware

movable

movable

I, slit, opening dgj;¢ SEM-grid
tlani\ erse .
profile beamlet’ -

I e .],
x4 EEEEE ]
beam Slltf e X
o e
|
e [
L distance d ﬂ

Slit position P(x)with typical width: 0.1 to 0.5 mm

distribution

Analysis

phase space

XA

g}

T o
< 4§

slit
emittance

1
ellipse

Distance:ityp. 0.5to 5m (depending on bearanergy 0. 1 ... 100 MeV)
SEMGrid: angle distributiort 6 E

Peter Forck, CAS 2019, Vysoké Tatry

0

RFQ

46

Joe

Slit  SEMGrid
LINAC — n-_E
0.5..5
<€ >
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. =510
Display of Measurement Results

The distributionisdepicted as a function of

position[mm] & anglgmrad] "
Thedistribution can be visualized by 3750
U Mountainplot o
U Contourplot

— 3250

Calc. of 22 moments<x®> , €0& € B Q |
m.?m
Emittancevalue® . .from .
— 2 12 2 2500
erms _ \/<X ><X >_ <XX'> i d
Y Problems: 2000

U Finitebinningresults in limited resolution

0 Background large influence orxXh X 2>fattiQ E E QB
Beam Art*, 60keV, 15> |

at Spiral2 Phoenix ECR source.
P. Ausset DIPAC 2009

Or fit of distribution with an ellipse
Y Effective emittance only

Remark: Behind a ion source the beam might very-@aussian
due to plasma density and aberration at quadrupoles
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Measurement of transverse Emittance

Outline:
U Definition and some properties of transverse emittance
U SlitGrid device: scanning method
scanning slit  beam position & gridc  angular distribution
U Quadrupolestrength variation and position measurement
emittance from several profile measurement and beam optical calculation
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From a profile determination, the emittance can be calculated via linear transformatic
if a well known and constant distribution (e.g. Gaussian) is assumed.

Emittance Measurement by Quadrupole Variation

quadrupole magnet

profile measurement U Measurement of beam width
transverse /_\ focusing const. k (e.g. SEM grid)
beam envelope - 2
° X maxl-I 11(1’ K

matrix RK) describes the focusing

\_/ U With the drift matrix the transfer i
S R{k) R(kl) :Rjrift CRfocus(ki)
location: So Tonr oot - Sl i _ .
mear transtormation U Transformatiorof the beam matrix
- hase spdce — _ a ..
[P s(Lk) =Rk ) 0s(0) (R (k)
: : Task: Calculation o§(0)
® : ® at entrances,i.e. all three elements
beam :ﬁ;;ﬁl;ate * © measursment:
(Twiss parameters) E: X 2l:k:l = Gll{l’k)
611(0). 6, (0). G, (0) |
to be determined noordinate x
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 LIWINRPEAYI G2y Q A ®Sd

Measurement of transverse Emittance

LaAy3d GKS WiKAY ffSya

a 1 Oo al 0§ . al+LK L9
R K)= Y R(L,K)Y=R L)dR K)=
focus( ) ? 1/ f 1@ E\E( 8 ( ) drlft( ) focus( ) é@ K 1@

Measurement of the matreelements (1,K)from @&,K) =RK)so /RIK)
Example: Square of the beam width at

ELETTRA 100 MeWéac YAG:Ce For completenessThe relevant formulas

0.25 T T T T T T T T .
: : ‘ : : 5,(LK) = I—2511(O) X *
‘ . 2 .
B Tl +2Q Ls,,(0)+L%5,,(0) ) &K
1 B=15.9+0.1[m] | +L°s,,(0) +5,,(0)
— ol |\ #=209:04 g ] ,
= ¢ | y=56.1+05[m"] i 1 aX 2abX + ab“+c
=% N The three matrlx elements at the quadrupol
° o 11(0)_ E
0.05} - ’f 0,(0)= —%gaji+bg
: : £ : : I_ (}L -
= s—,ff"’qu . . o
0 ! | L \ L L I L u22(o)_ _Zwbz +C+ —+—
¢

25 13 135 -
Focusmg strength K [Fih
G.PencoELETTRA)ktf @5 9t ! / Qny

1 [dets (0) :Jﬂll(O)szz(m- $2,(0) =+/ac/ L’
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Summary for transverse Emittance Measurement o

OO
Emittance is the important quantity for comparison to theory.
It includes size (value 8f and orientation in phase spac.eij(or h Hand’)
three independentvalues- NORS) , vV & 0@ W W e

assuming no coupling between horizontal, vertical and longitudinal planes
Transfer line,lowS Y SNH& 0S|I Y& Ty RA NBYRdisKitiod: dzN
0 Slitgrid: Y2 @1 6 f &LIWE X & f BprofiB NA R T
Transferline,alb S Ya Ih LINRPFAELS YSI adz2NBYSy i
U Quadrupole variation:one location, different setting of a quadrupole

Assumptionsii well aligned beam, no steering

U no emittance blowup due to spaceharge

Remark nontlinear transformation possible via tomographic reconstruction
Important remark: For a synchrotron with atable beam storage

width measurements sufficientusingw NE J
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Measurement of longitudinal Parameters

Measurement of longitudinal parameter:
Bunchlength measurementat

U Synchrotron light sources

U Linear light sources

U Summary

Longitudinal® transverse correspondences:

U position relative tof a transverse centepf-mass
U bunch structure in time a transverse profile

U momentum or energy spread transverse divergence

U longitudinal emittance a transverse emittance
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Bunch Length Measurement for relativistic Electrons
00

Electron bunches are too sho®,(<100ps) to be covered by the bandwidth of

pickups € <3 GHzU t..> 100ps) for structure determination.
- Time resolved observation efnchr light with a streak camera: Resoluti®ri ps.

Scheme of a streak camera

-

Streak came

" -
C [ |xyston Y * Y HP7000, UNIX
VME, Ethernet
+ 4 S TC-40
Rf master * Steps gating Eees
fre -
quency I I pulse acquis.
352.2MHz %%133’ = 997 generafor card
steps y
A A synchr.
8.3Hz | A
photo-cathode 88Mhz } frame-extr.
\ =3 [ L :
& \ \ 0 injection  extractio
A
L=/ | J
/ e CCD
i’ y CCIR
video
\ fasrI cal sl;low l 25Hz
. vertica J011Z0nta )
pinhole Y, deflection  deflection MCP
53 Beam Instrumentation & Diagnostics, Part 2
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Technical Realization of a Streak Camera

acceleration focusing

i

d@ﬂecﬂon

===

Hardware of a streak camera

Time resolution down to 0.ps.

.ule - - Streak tube  CCD
Ls\’kl‘,k > Input optics l camera
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Technical Realization of a Streak Camera

acceleration focusing

Hardware of a streak camera

p Time resolution down to 0.ps

Streak tube CCD

= -,'l'l ; \. 7 . 1\ V g
. , Input optics Camels
\ G - Synch. Rad. =
. | 508 Y . e |
._i.'_ W - —t port

s;w-:;ﬁfﬁ;g_ S '

e al® SlEEIT e\ R &=

:.‘1 . '.’:é ﬂ(‘ 7 " S

15— | The Pockels Cel o .
The \\1GHZ" scope { ;‘ - v-:f‘”‘ » L M //:{
< il = 15 N T
' The SC 0
e 60 cm
B
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Results of Bunch Length Measurement by a Streak Camera

The streak camera delivers a fast scan in vertical direction (herpsi60 scale)

and a slower scan in horizontal direction 4
Example Bunch length at thesynchrotron lightsource SOLEIL fof; = 2 MV

for slow direction 24>sandscaling for fast scan 3G measures; = 35 ps.
Slow Scan: Time (us)

0

(
p—

bunchlength
28, =70ps

Fast Scan:
Time (ps)

360

. Streak camera

Short bunches are desirday
the users

Example:Bunch lengths,

asa function of stored current

60

or e synchrotron

(i.e. space charge decusing)
at SOLEIL

Courtesy of MLabatet al . ,

Peter Forck, CAS 2019, Vysoké Tatry

Bunch Length (ps-rms)

0

DI PACGOO07

(@]

X V=28 MV

5 10

56

I (mA)

15

rf cavity

injection

extractio
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The Artist View of a Streak Camera

ormance
available ca

AT e AN L
conclusio 57
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Bunch Length Measurement by electro-optical Method

For Free Electron Lasers bunch length below Jpsis achieved

U Below the resolutiorof streak camera

U Shortlaser pulses with 2 10 fsand electreoptical modulator

Electro optical modulator:birefringent rotation angle depends on external electric field

Relativistic electron bunches: transverse field |, = Ex | Carries the time information
Scanning of delay between bunch and lasetime profile after several pulses.

GaP or
l l ZnTe
variable A photo

Scanning Delay Sampling

Bunch compressor EO monitor

LINAC— M LINAC E Undulator

FromS.P.Jamisoet al., EPAC 2006
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Bunch Length Measurement by electro-optical Method

For Free Electron Lasers bunch length below Jpsis achieved
Short laser puls&) broad frequency spectrum (property of Fourier transformation)
Optical stretcher Separation of colors by different path length singleshot observation

GaP or grating
ZnTe L 'L[:
‘ optical .1 H
P

fs laser =—=A stretcher

Spectral Decoding

Bunch compressor EO monitor

LINAC— M LINAC E Undulator

CourtesyS.P.Jamisoet al., EPAC 2006
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Realization of EOS Scanning

Setup of a scanning E@fethod

Detection Scheme

! ! >,
Ti:Sapphire - | | F
laser (&= | photo | _@ 1.0
diode | =
phaselock, : _E2 : S
:polarizer(90°) : ﬁ 0.5
. D
Delay line : : s
| | IS
SR £ 00
AD Wollaston | = ) ] )
brism | 2 0 2 4 6 8
trigger 1f reference : time [DS]
master | : )
clock | | Using 12fs pulses from
polarizer | | DD, -E I Ti:A,05 laser at 800nm and
to gun == [ gl ZnTe crystal 0.5mm thick
o beam pipe with a e - beam 46MeV of 200pC

ZnTe

X. Yan et al, Phys. Rev. Lett. 85, 3404 (2000)
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Hardware of a compact EOS Scanning Setup =
0

Example Bunch length atFLASH
100fs bunchduration=30 um length

T T T

W Ad)acc - 00
2s =110 fs (SASE)
i 0 i 2
time [ps]

B. Steffenet al, DIPAC 2009
B. Steffen et al., Phys. Rev. B8 032802 (200
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Summary of longitudinal Measurements

Devices for bunch length at light sources:
Streakcameras:
U Timeresolved monitoring of synchrotron radiation
[Hfor relativistic é’-beams,tbunch< 1ns
reason too short bunches forf electronics
Laserscanning:
U Electreoptical modulation of short laser pulse
M DS NE  rdédludoi doivi ty dme fs

Peter Forck, CAS 2019, Vysoké Tatry 62

Jo e

Beam Instrumentation & Diagnostics, Part 2



Joe

Conclusion for Beam Diagnostics Course

Diagnostics isth€@ & Sy & 2 Ndr thededn: y Q

It required for operation and development of accelerators

Several categories afemands leads to different installations:

U Quick, nondestructive measurements leading to a single number or sipiots
U Complex instrumentation used for hard malfunction and accelem@éwelopment
U Automatedmeasurement and control of beam parameters i.e. feedback

Thegoal and aclear interpretation of the results is a important design criterion.

General comments:

U Quitedifferent technologies are used, based on various physimsesses
U Acceleratordevelopment goes parallel to diagnostoisvelopment

Thank you for your attention!
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H. Schmickle(Ed.)Beaminstrumentation Proc CERMcceleratorSchool, Tuusula2018 in prep.

General Reading on Beam Instrumentation

D. Brandt (Ed.Beam Diagnostics for AcceleratoPyoc. CERN Acceleratechool Dourdan
CERRM2009005, 2009;

Proceedings of several CERN Acc. Schools (introduction & advanced level, special topics).
V. SmalukParticle Beam Diagnostics for Accelerators: Instruments and Methods

VDM VerlagDr. Mller,Saarbrticker2009.

P.Streh| Beam Instrumentation and Diagnosti&pringetVerlag Berlin 2006.

M.G. Minty and F. Zimmermankeasurement and Control of Charged Particle Beams
SpringerVerlag Berlin 2003.

Sl. Kurokawa S.Y. Lee, PerevedenteyS. Turner (EdsProceeding of the School on Beam
Measurement Proceedings Montreux, World Scientific Singapore (1999).

P.Forck Lecture Notes on Beam Instrumentation and DiagnasildaS School, JUASIicoweb-site.

Contributions to conferences, in particular kiternationalBeamInstrumentationConference IBIC.
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Backup slides
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Emittance Enlargement by Injection Mis-steering

00

Emittance conservation requires gxampleVariation of vertical injection angle by magnesteerer
Beam: € at 6.7 MeV/u acc. to 600 MeV/u, up t@&°ions per fill

with multi-turn injection, IPM integration 0.Bsi.e.© 100 turns

precise injection matching
Wrong angle
of injected beam:

Vertical profile at injection:

U injection into outer
phase space large [
b-amplitude i.e. large beagne-

12 |

bution

U might result in Goer
WK2ftf26Q 0SEx

14 [

et steer ='— 013

——-ateer=+039

—==

Horlzontal

proflleat injection:

14 r

Lo
o n
T T

S L «
-

@ vertical width
|l herizental widih

. pefore

u filling of acceptance

l.e. loss of particles
Y Hadron beams: larger
emittance after acceleration

injection:
angle
mismatc
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\ / Schematic simulation
. N

Courtesy MSyphers
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